Scramblases redistribute phospholipids in biological membranes. Phospholipid scramblase 3 (PLSCR3), which is located in mitochondria, has been reported to be involved in cardiolipin distribution from the inner to the outer membrane, thus regulating cellular processes such as apoptosis or mitophagy. However, the localization and topology of this protein has not been convincingly addressed to support a role in intermembrane phospholipid transfer. Here, we studied PLSCR3 topology within mitochondria. We show that PLSCR3 inserts in the inner membrane (IM) via its C-terminal transmembrane helix, whereas its N-terminal portion is oriented toward the intermembrane space where it is activated by calcium. Our results suggest that PLSCR3, via its C-terminal transmembrane domain, participates in the bidirectional movement of phospholipids within the IM.
Biological membranes are asymmetric structures. This asymmetry is mainly attained by the topology and orientation of the proteins interacting or inserted within the membrane [1] . However, lipids contribute toward membrane asymmetry through several indirect factors such as the orientation in the membrane of the enzymes involved in their synthesis [2] . This concentrates certain lipid species in one membrane leaflet. Furthermore, most membrane compartments are seldom formed de novo; instead, biogenic membranes (such as the endoplasmic reticulum or mitochondria) contribute toward asymmetry by supplying phospholipids to other cellular membranes [3] .
As mentioned before, a characteristic of biogenic membranes is the location of enzymes responsible for phospholipid synthesis, generally present in just one leaflet. On this monolayer, once phospholipids are synthesized, they distribute laterally and to the opposite leaflet [2] . The transverse movement is energetically unfavorable and could be overcame by the presence of nonbilayer phospholipids [4] or by proteins [5] . Protein-mediated transport is catalyzed by several ATPdependent proteins that catalyze the unidirectional movement of phospholipids [6] ; these proteins are termed flippases, for inward movement, or floppases, for outward movement [7] .
Other proteins responsible for redistributing phospholipids in both leaflets of a membrane are scramblases. Unlike flippases and floppases, scramblases translocate phospholipids bidirectionally, are relatively unspecific and are ATP-independent [8] . In general, it is assumed that scramblases break the asymmetry of the membrane and are only activated by internal cellular signals such as calcium or pH. Scott syndrome, a congenital disorder of the blood and platelets, was first characterized as a defect in the externalization of phosphatidylserine in the plasma membrane, a signal for blood coagulation [9] . The protein responsible for Scott syndrome was believed to be a single-spanning transmembrane protein belonging to the tubby-like protein family. Indeed, this protein presents scrambling activity in vitro in a calcium-dependent manner and this activity is inhibited by cholesterol, which modifies the biophysical properties of the membrane [10, 11] . The protein was termed phospholipid scramblase 1 (Plscr1) [12] . However, since Plscr1 knock-out cells still present phosphatidylserine (PS) externalization, other protein(s) are the responsible for scrambling PS [13] . Recent studies have identified the chloride channel TMEM16 as the protein responsible for this activity [14] .
Differently from the plasma membrane, where several proteins with scramblase activity have been characterized [15] , mitochondria only present phospholipid scramblase 3 (PLSCR3), a paralogous Plscr1 protein [16] . Similar to Plscr1, this protein is activated by calcium and apparently presents the same regulatory domains. PLSCR3 regulates the biosynthesis of the main anionic mitochondrial phospholipid, cardiolipin (CL) [17] . Moreover, PLSCR3 expression levels parallel CL content in mitochondria: mutations disrupting the calcium-binding domain eliminate the activity of the protein and, concomitantly, the CL content drops and CL distribution to the outer membrane (OM) after an apoptotic stimulus is altered [16, 18] . However, the mechanism for this biochemical interaction has not been convincingly addressed to date.
Another intriguing point is that PLSCR3 is ascribed as the protein responsible for CL transport between the inner and outer mitochondrial membranes after several cellular stimuli leading to apoptosis or mitophagy [19] . Interestingly, PLSCR3 promoted intramembrane scrambling when reconstituted into liposomes [20] , which suggests that other CL translocation mechanisms are responsible for CL transport to the OM and its subsequent exposure to the outer leaflet of the OM. Based on this background, we decided to explore the mitochondrial localization, topology and function of PLSCR3 to define its biological role in mitochondrial membrane biogenesis.
Material and methods

Animals
All experiments were conducted in agreement with the National Institutes of Health guidelines for humane treatment of animals and were reviewed and approved by the local Animal Care and Use Committee (permit number: 2013/17). Male 6 months old Sprague-Dawley rats were maintained ad libitum with an AIN-93-M diet (Rhoster Lab, Campinas, São Paulo, Brazil), lodged five individuals per cage, in 12 h light/dark cycles, and given water ad libitum. Rats were sacrificed following 12 h of overnight fasting, livers were excised and mitochondria were immediately isolated.
Yeast cultures
Saccharomyces cerevisiae BY4741 (MATa ura3D0 leuD0 met15D0) and its isogenic strain aim25D (MATa ura3D0 leu2D0 met15D0 aim25::G418) were used throughout this study. This mutant strain tends to lose its mitochondrial DNA, so both strains were cultured routinely in respirofermentative media (galactose). Cells were precultured in YPGal media (2% galactose, 2% peptone and 1% yeast extract) overnight at 28°C under vigorous shaking. Afterward, cells were diluted at a final dilution of 0.01 optical density units (ODU) in 500 mL of prewarm YPGal media contained in 1 L flask. Cultures were incubated overnight at 28°C under vigorous shaking.
Mitochondrial isolation and fractionation
Rat livers were excised and washed in isotonic NaCl solution. Livers were then minced and homogenized in a Dounce potter in isolation buffer (40 mM sucrose, 0.22 M mannitol, 1 mM EGTA, 10 mM Mops pH 7.4). Mitochondria were isolated by differential centrifugation [21] .
For yeast mitochondria, after reaching stationary phase (12 h), cells were pelleted by centrifugation at 500 g. The pellet was washed in distilled water and centrifuged again at 500 g. This pellet was suspended at a final concentration of 0. 25 ) was incubated in hypotonic buffer (10 mM K 2 HPO 4 pH 7.4) for 30 min with continuous stirring. Samples were passed once through a loose-pestle glass homogenizer. Mitoplasts and OMs were purified in a 20-80% continuous sucrose gradient and centrifuged at 30 000 g for 1 h. Mitoplasts and gradient-supernatant (SN) fractions (containing outer mitochondrial membranes) were assessed for purity by western blotting using VDAC (OM) and cytochrome c oxidase subunit IV [inner membrane (IM)] as markers [23] . Protein concentration was determined by the Bradford method.
Alkaline extraction and proteinase K treatment
Transmembrane topology was determined by alkaline treatment. The volume equivalent to 400 lg of the mitochondrial protein was centrifuged at 18 500 g for 10 min and the pellet was suspended in 100 lL 20 mM HEPES, pH 7.4, and an equal volume of 200 mM Na 2 CO 3, pH 11. The suspension was incubated for 30 min at 4°C. Afterward, this suspension was centrifuged at 77 000 g for 30 min. The pellet and SN were suspended in Laemmli buffer and analyzed for the presence of integral membrane proteins by western blot using VDAC (1 : 1000), Cox-III (1 : 1000) and Hsp60 (1 : 1000) as controls.
To determine the orientation of the large-soluble N-terminal in PLSCR3, we took advantage that the monoclonal antibody used specifically recognizes this domain (ab137128; Abcam, Cambridge, UK). Only fresh isolated mitochondria (MIT) were used for proteinase K (PK) treatment. Since mitoplasts were generated in situ by osmotic swelling, it is important to obtain completely functional mitochondria. Intactness was determined by measuring the oxygen consumption in state 3 and 4 (respiratory control ratio, RCR). Generally, a RCR of 6 was obtained using 10 mM succinate/ rotenone as respiratory substrate and 1 mM ADP to induce state 3 respiration. Mitochondria (500 lg) were reisolated by centrifugation at 18 500 g. The pellet was suspended in hypotonic buffer composed of 20 mM HEPES pH 7.4 and incubated for 15 min at 4°C. The suspension was equally divided into three Eppendorf tubes. One tube was used as a swelling control, while in a second tube 20 lgÁmL À1 PK was added and in a third tube, 20 lgÁmL À1 PK plus 0.01% triton X-100 was added. All tubes were incubated for 10 additional minutes at 4°C. Afterward, 4 mM PMSF was added to inhibit PK. Samples were centrifuged at 18 500 g and pellets were suspended in Laemmli buffer for SDS/PAGE electrophoresis. Proteins were analyzed by western blot using the following antibodies: VDAC (1 : 1000, ab15895; Abcam), cytochrome c oxidase subunit III (1 : 1000, Cox-III, ab 110259; Abcam), Hsp60 (1 : 1000, sc-271215; SantaCruz, Biotechnology, Dallas, TX, USA) and PLSCR3 (1 : 750, ab137128; Abcam). Membranes were incubated with the respective secondary antibody (Li-Cor Biosciences, Lincoln, NE, USA) at a final dilution of 1 : 25 000. Proteins were visualized in an Odyssey fluorescence analyzer (Li-Cor Biosciences).
Phospholipid scramblase 3 activity
Scramblase 3 activity was determined using the lipophilic probe NBD-PE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) as described in [24] with some modifications. Briefly, mitoplasts (100 lg) were incubated with 1 lM NBD-PE for 30 min at 4°C. Mitoplasts were then centrifuged at 8000 g for 10 min to eliminate unbound probe and marked mitoplasts were suspended in assay buffer (0.6 M mannitol, 20 mM HEPES pH 7.4). The assay was initiated by diluting mitoplasts at a final concentration of 0.1 mgÁmL À1 in assay buffer. At the indicated time, 20 lM sodium dithionite (from a 1 M stock in 10 mM Tris pH 10) was added to the mitoplast suspension. Scramblase activity was determined by following the quenching rate of NBD-PE fluorescence by dithionite [24] . Where indicated, increasing calcium concentrations (0-200 lM), 20 lgÁmL À1 PK or 0.5 lgÁmL À1 PLSCR3 antibody were added to the mitoplast suspension, incubated for additional 10 min and assayed for scramblase activity. In some experiments, the assay buffer was adjusted to pH 5.8, 6.8 or 7.4. NBD-PE fluorescence quenching by dithionite was followed using a Hitachi F4500 spectrofluorimeter at k exc = 430 nm and k em = 530 nm. Alternatively, scramblase activity under respiring conditions was determined using the BSA back-exchange method [25] . Briefly, NBD-PE labeled mitoplasts were incubated in assay buffer (0.6 M mannitol, 20 mM HEPES pH 7.4, 1 lM rotenone, 10 lM cytochrome c) and basal fluorescence was recorded for 2 min after the addition of 20 mM succinate to induce respiration. Where indicated, 1% BSA was added and NBD-PE extraction was followed fluorimetrically, as described above. Mitoplast integrity was routinely verified by measuring osmotic swelling at 540 nm (not shown). Functionality was also determined by measuring the mitoplast membrane potentials under respiring condition using safranine O (1 lM) as a membrane potential probe [26] .
Mitochondrial membrane hydration was measured by the generalized polarization emission method, using laurdan (6-dodecanoyl-2-dimethylaminonaphtalene) as a probe. Mitoplasts were diluted in isolation buffer at 0.5 mgÁmL À1 and incubated with 1 lM laurdan. Fluorescence intensity was recorded under the same experimental conditions used for scramblase activity. The probe was excited at 340 nm and emission intensity at 440 and 490 nm was recorded at 37°C [27] .
Phospholipid analysis
Phospholipids were extracted from MIT by a modification of the Bligh & Dyer method [28] . Phospholipids (300 nmol by phosphorous) were applied on a Kieselguhr silica matrix pretreated with 1.8% boric acid. In silico analysis of phospholipid scramblase 3
Sequences of scramblases 1-4 from Mus musculus, Bos taurus, Rattus norvegicus, Homo sapiens, Drosophila melanogaster, Sus scrofa and Danio rerio were retrieved by BLAST from the NCBI database. Scramblase 3 from R. norvegicus was used as a query to retrieve orthologous proteins from other eukaryotes (S. cerevisiae, Acanthamoeba castellanii, Dictyostelium discoideum, Arabidopsis thaliana, Penicillium roqueforti, Zea mays and Aspergillus fumigatus). Seventy-three retrieved sequences were aligned by muscle and phylogenetic reconstruction was inferred by the maximum likelihood method using the Jones-Taylor-Thornton (JTT) substitution model and a gamma distribution of 4 to calculate the rates among sites. Statistical significance was performed by the bootstrap method using 100 pseudoreplicates. Phylogenetic reconstruction and statistical analysis was conducted using MEGA6.0 software [29] . Tubby-like proteins were used as outgroup since scramblases are members of this family [30] . Variations in the secondary structure in each subfamily (tubby, tubby-like and scramblase proteins) were determined using the TOPCONS server [31] . Scramblase 3 was modeled using CHIMERA 1.11 [32] using the crystallographic structure of the tubby-like protein AT5G01750 (Pdb accession. 1ZXU) from A. thaliana as a template.
Statistical analysis
Experiments were performed with four independent replicates where each one was repeated at least three times. Data were analyzed by two-tailed Student t-tests using the GRAPHPAD Prism software v.5 (La Jolla, CA, USA). Data represent the mean value AE SEM. A P-value < 0.05 was considered different statistically.
Results
Scramblases (Scr1-4) are restricted to metazoans
Several studies suggest the scramblase subfamily domain is a true transmembrane helix [33, 34] . This ahelix has been designated as responsible for anchoring the protein to the plasma or mitochondrial membranes. As mentioned in the Introduction, differently from Plscr1, where scrambling is believed to be intramembrane, the mitochondrial paralogue PLSCR3 has been suggested to be involved in intermembrane translocation of phospholipids (from the inner to the OM). In order to understand how this protein carries out this process, we searched in silico for structural changes that could make PLSCR3 act on two different membranes.
First, we searched for several scramblase sequences in the three domains to determine their taxonomic distribution and, thus, determine putative changes in the protein domains of the mitochondrial protein. We included the sequences of the tubby proteins in the phylogenetic analysis, including crystallized tubby-like proteins from A. thaliana (AT5G01750, Pdb code. 1ZXU), H. sapiens (Pdb code. 3C5N) and M. musculus (Pdb code. 1C8Z). A BLAST search retrieved several proteins marked as scramblases distributed in the three domains. However, in the phylogenic analysis (Fig. 1 , which also shows modeled structures), metazoan scramblases form a clearly monophyletic group (Group I in the phylogenetic tree). Interestingly, the basal metazoan Trichoplax adhaerens and Amphimedon queenslandica (underlined in the group I cluster) appear grouped in this clade. Moreover, the closer to Metazoa unicellular organism Monosiga brevicollis clustered within unicellular organism clades where most tubby-like proteins cluster. Furthermore, when the secondary structure of each sequence was analyzed in silico, we found that all proteins in the scramblase cluster present a putative transmembrane a-helix. Additionally, the proteins in group II and III in the phylogenetic tree retain the typical secondary structure of tubby-like proteins [35] .As expected, predicted secondary structure of control sequences (crystallographic structures) agrees with its crystallographic structure. These results suggest that scramblase proteins appeared after the transition from unicellular to multicellular organisms, and that this transition was accompanied by structural changes in the protein, notably, the appearance of a C-terminal transmembrane ahelix. The significance of this transition and if these structural changes are related to the appearance of more complex organisms is not clear. We were not able to find any particular modifications in the structure of PLSCR3 when compared to its paralogous proteins to explain its intermembrane lipid scrambling activity. This suggests that PLSCR3 behaves similarly to the other isoforms, promoting primarily intramembrane instead of intermembrane phospholipid scrambling.
Phospholipid scramblase 3 is located in the inner mitochondrial membrane
To corroborate the in silico results, we analyzed the localization and topology of PLSCR3 in rat liver mitochondria, a tissue previously demonstrated to express this protein and in which lipid metabolism is highly regulated. Despite the described roles of PLSCR3 in CL signaling, the exact localization of this protein and its topology are not yet clear. Figure 2A shows a typical western blot of mitochondrial (Mit), mitochondrial IM and OM fractions. The purity of the preparations was assessed by blotting for VDAC, an OM protein, and Cox-III, an IM protein. The blot also shows that PLSCR3 is effectively expressed in liver mitochondria, corroborating previous studies [36, 37] , and that it is not found in OM preparations. We then evaluated if PLSCR3 is a true transmembrane protein by extraction in alkaline carbonate (Fig. 2B) . After carbonate treatment, we observed an enrichment of PLSCR3 in the membrane pellet (P) and not in the SN, which indicates that PLSCR3 is membrane-anchored. However, this experiment does not indicate if the whole protein is immersed in the membrane or just the predicted transmembrane a-helix. To evaluate the localization and topology of the long N-terminal b-barrel, mitochondria were incubated in hypotonic media to generate mitoplasts in situ. Mitoplasts were recovered and treated with PK and PLSCR3 was detected with an antibody recognizing the N-terminal b-barrel domain. If the b-barrel is a soluble domain, it will be degraded only if it is oriented toward the intermembrane space. Otherwise, if the b-barrel signal is retained in all fractions, this domain is probably a transmembrane b-barrel or faces the matrix side. Figure 2C shows that, differently from COX-III, that is resistant to PK degradation, the PLSCR3 signal is completely lost, indicating that the N-terminal b-barrel is a soluble domain and is orientated toward the intermembrane space. The Hsp60 signal is present after protease incubation, which indicates that the mitoplasts generated in situ are not broken by the experimental conditions. A VDAC signal in these preparations was expected since the protocol for mitoplast preparation for this experiment were performed in soft hypotonic conditions, different from the harsh conditions used in blot from Fig. 2A . Triton X was used to totally solubilize samples. This experiment allows us to suggest that PLSCR3 (and probably other scramblase isoforms) is a bitopic protein with a type-II topology (anchored to the membrane by its C-terminus).
Phospholipid scramblase 3 is involved in calcium-dependent phospholipid scrambling
Next, we studied the activity of PLSCR3 by incubating mitoplasts (mitochondria devoid of the OM) with the fluorescent phospholipid NBD-PE to track the scramblase activity of this protein and followed the loss of fluorescence of the probe when it was externalized and quenched by dithionite (Fig. 3A, gray trace) . This loss of fluorescence is apparently mediated by PLSCR3, since mitoplasts incubated with an antibody raised against the N-terminal domain of PLSCR3 present significantly dampened scrambling of NBD-PE (Fig. 3A , blue trace), although significant PLSCR3-independent scrambling is also observed. This effect seems to be specific for PLSCR3 since incubation with an antibody raised against cytochrome c had no significant effect on NBD-PE scrambling (Fig. 3A, black trace) . Additionally, when mitoplasts were treated with PK scrambling was also inhibited, which indicates that the N-terminal domain is necessary for complete activity of the protein (Fig. 3A, red trace) . These results suggest that a significant scrambling activity present in mitoplasts is due to PLSCR3 and that other proteins present additional calcium-sensitive scrambling activity. Using the same assay, we measured the effect of calcium, an essential scramblase activator, on phospholipid scrambling in isolated mitoplasts. Figure 3B shows that micromolar calcium concentrations exert a dose-dependent effect on NBD-PE externalization, with a maximum effect at 160 lM. Interestingly, at higher calcium concentrations (200 lM), PLSCR3 activity drops to basal levels, which suggests a nonspecific inhibitory effect on the protein, or that membrane status could regulate the activity of the protein.
To further analyze this phenomenon, the hydration level of mitoplast membranes was determined by laurdan polarization. Results in Fig. 3C indicate that under these conditions, calcium induces structural changes in the membrane, transitioning to a gel-order phase, whereas at other concentrations the membrane hydration remains almost unchanged. A similar inhibitory effect of membrane state on Plscr1 activity has been observed when cholesterol levels increase in the plasma membrane [38] .
PLSCR3 is active under respiring conditions
Calcium-activated proteins are also regulated by protons, which compete with calcium for binding at the regulatory site (see for example, [39] ). To test if PLSCR3 was modulated by protons, mitoplasts were incubated at different pH values and the PLSCR3 activity was tested. As observed in Fig. 4A , at acidic pH (5.8), PLSCR3 is activated with a similar magnitude as with 160 lM calcium (control, black trace) and its activity decreased at higher pH values (blue, 6.8, and red traces, 7.4). Moreover, calcium overcame the inhibitory effect observed at higher pH values: Fig. 4B shows traces conducted at the same pH values as for Panel A, but with 160 lM added calcium. Calcium did not, however, increase the activity of the protein over that of pH 5.8 (compare black traces in Fig. 4A,B) , which suggests that both protons and calcium share a common binding site.
Next, we asked if PLSCR3 could be activated under physiological conditions in functional mitochondria. Since the dithionite-based assayed cannot be used under respiring conditions, we took advantage of the high affinity of BSA for NDB-phospholipids to assay PLSCR3 activity in mitoplasts respiring on succinate. Because mitoplast preparations often involve a decrease in IM integrity, we tested mitoplast functionality by measuring the capacity to sustain a membrane potential (Fig. 4C) . Under our experimental conditions, mitoplasts presented a membrane potential only when cytochrome c was supplemented in the incubation media (Fig. 4C , black trace), as is expected when the outer mitochondrial membrane is removed. Under membrane potential-maintaining conditions, PLSCR3 translocates NBD-PE in a manner quenched by BSA (Fig. 4D) . A different situation was observed in the absence of succinate: BSA had no effect on the extraction of the fluorescent probe. Overall, these results indicate that mitochondrial PLSCR3 is active not only under calcium-overload conditions but also under physiological conditions where a pH gradient is formed through the IM.
Do other tubby-like proteins present scramblase activity?
Unlike other tubby-like proteins, scramblases present a transmembrane domain. Moreover, this domain seems to be responsible for the intramembrane translocation of phospholipids. In order to explore any residual scrambling activity of other tubby-like proteins, we analyzed phospholipid composition as well the scrambling activity in S. cerevisiae. Yeast present only one tubby-like protein, Aim25 (from altered inheritance of mitochondria), and this protein has been detected in mitochondria [40] . In Fig. 1 S1A ) and phospholipid composition (Fig. S1B) were measured. We did not find any difference in the scrambling activity in the aim25D strain when compared to wild-type strain, with (gray bars) or without calcium (white bars). Furthermore, no overt differences in lipid composition were observed in the mutant strain (Fig. S1B ) except for a small decreased in both CL and PS, probably related to the spontaneous generation of petite cells in this mutant strain [41, 42] .
Discussion
Several proteins have been shown to present scrambling activity in the plasma membrane. Among these, Plscr1 was shown to be responsible for breaking membrane asymmetry, although its functional role is still debated. The paralogous protein PLSCR3 is detectable in mitochondrial membranes where, based on its biogenic properties, it could be responsible for distributing phospholipids throughout mitochondrial membranes. Interestingly, an intermembrane scrambling activity is proposed for PLSCR3 [19] .
Here, we demonstrate that no structural changes from other scramblases were present in this protein to support an intermembrane transport of phospholipids. However, isolated mitoplast experiments demonstrated that the scrambling activity was preserved. Indeed, several other soluble proteins responsible for translocating phospholipids from the inner to the outer mitochondrial membrane have been characterized in yeast and mammalian mitochondria [43, 44] , although we cannot discard that PLSCR3 also has this activity.
Interestingly, in addition to displaying defective scrambling activity, the absence of PLSCR3 downregulates CL biosynthesis. It is likely that by removing excess CL from the matrix side, where it is synthesized, to the intermembrane side of the IM, PLSCR3 avoids feedback inhibition of this biosynthetic pathway. Indeed, when PLSCR3 is overexpressed, CL biosynthesis is upregulated [18] . Moreover, respiratory deficiencies were also observed in these knock-out cells, which may be compatible with the changes in CL levels [16] . Several other phenotypes in PLSCR3-ablated murine models such as insulin resistance, accumulation of proinflammatory lysophospholipids, dyslipidemia or glucose intolerance could occur secondary to defects present in mitochondrial membranes produced by the absence of CL [45] [46] [47] .
Indeed, new roles for CL in the OM as a signaling molecule have been described [48, 49] and PLSCR3 in this signaling pathway would thus be restricted to translocating CL within the IM, which would subsequently ease its distribution to the OM. The role of PLSCR3 in phospholipid distribution seems, however, not to be restricted to CL or its metabolites, since PE is also synthesized in mitochondria. However, differently from CL, PE is synthesized in the outer leaflet of the IM, from where it is distributed throughout different cell membranes [50, 51] .
It was surprising to find that Plscr proteins were restricted to metazoans. The relevance of this finding is not clear, but could be related to the putative signaling roles of these proteins, since it appears that all members of the tubby-like proteins are able to bind signaling lipids such as phosphatidylinositol-4,5-bisphosphate [52] 
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